Silicon nanoparticles (Si NPs), silicon nanosheets (Si NSs), and silicon nanoribbons (Si NRs) were fabricated by means of DC arc-discharge under diverse atmospheres (hydrogen, mixtures of hydrogen and inert gas).
Introduction
Silicon is one of the most abundant elements on Earth, with an extremely important role in nature and modern society. It has been studied intensively in the elds of condense matter physics, material science and engineering, and industrial semiconductors. 1, 2 In recent decades, silicon nanomaterials (like silicon nanoparticles and nanosheets) have attracted interest because of their quantum connement effects, non-toxicity, high surface activity, biocompatibility, photostability, etc. They can be used, for example, in biosensors, cell imaging, lasers, or optical mixers. [3] [4] [5] [6] Silicon atoms form a face-centered cubic structure by sp 3 hybridization, like diamond, with the result that synthesis of two-dimensional (2D) silicon nanosheets is difficult. A variety of approaches have been reported for preparing silicon nanoparticles, such as solution-based precursor reduction, precursor thermolysis and pyrolysis, and physical methods. 1,7-11 Although synthesized silicon nanoparticles display high quantum yield, the synthesis methods rely on specialist reagents/reactors as well as the need for hazardous HF or HF-HNO 3 to afford efficient control over particle size. Two-dimensional silicon has attracted a lot of interest. It was expected to eliminate the difference between quantum theory in 0D or 1D nanomaterial and 3D macro block material. Lu et al. reported controlled synthesis of ultrathin Si nanosheets with a thickness of about 3.5 nm using graphene oxide nanosheets (GOs) as sacricial templates. 12 The size of the Si nanosheets could be controlled by use of GO sheets with different sizes. Freestanding and single-crystalline Si nanosheets, with a thickness of about 3 nm, can be synthesized by a chemical vapor deposition (CVD) process. 13 The direct band gap of these Si nanosheets was 2.8 eV and the indirect band gap was 1.73 eV. Enhanced direct band gap transition was conrmed. Oxygen-free Si NSs, covered with organic groups and of 7.5 nm thickness, can be obtained by exfoliation of layered polysilane as a result of the reaction with n-decylamine and dissolution in chloroform.
14 Its band gap was measured at 2.3 eV. Some fundamental properties of Si nanomaterials were also determined by Ikuno et al. 15 Mg-doped silicon sheets capped with oxygen had been synthesized by Nakano et al. using a chemical exfoliation method. 16 All of the investigations showed their features in fabrication of Si nanostructures. Synthesis of pure silicon sheets, especially silicene, is an attractive direction for current research, [12] [13] [14] 16 as efficient and simple synthesis methods are required.
Herein, physical vapor condensation, that is a DC arcdischarge method, is applied to fabricate diversied nanostructures of silicon, for example silicon nanoparticles (Si NPs), silicon nanosheets (Si NSs), and silicon nanoribbons (Si NRs). In our experiments, bulk silicon was used as the target to be evaporated and the atmosphere was pure hydrogen or a mixture of inert gas (argon or helium) and hydrogen. Arc-discharge plasma can be used to dominate the formation of Si nanostructures by adjusting the experimental conditions. The growth mechanisms and basic properties of these Si nanostructures are discussed in detail.
Results and discussion
A series of TEM images of the Si nanopowders are shown in Fig. 1a-f . Diverse morphologies of the Si nanostructures, that is particles, sheets, and ribbons, can be distinctly observed. Si NPs (Fig. 1a and b) consist of single-crystal particles of spherical shape with sizes ranging from 5 to 50 nm. The interplanar spacing of Si NPs is 3.1Å, which represents the (111) lattice plane of bulk Si (Fig. 1b) . Nitrogen adsorption results (Fig. S1a †) show that the specic surface area of Si NPs is about 110.9 m 2 g
À1
. Si NSs ( Fig. 1c and d) show a aky shape with irregular edges, and a specic surface area of about 108.8 m 2 g À1 (Fig. S1b †) . The widths of Si NSs are in the range 10-30 nm, and its thickness is 2.8 nm as detected by AFM testing. As indicated in Fig. 1d , the interplanar spacing of Si NSs is about 3.1Å, which is identical to that of (111) facets in Si NSs. Si NRs ( Fig. 1e and f) are ber-like shapes of about 13 nm width, more than 200 nm full length, and about 3.1 nm thickness (results from AFM testing). This is actually a kind of ribbon with thickness less than its diameter (the ratio of width over thickness is 4.2). 17 The specic surface area of the Si NRs is 164.2 m 2 g À1 (Fig. S1c †) . From the detailed microstructures shown in Fig. 1f , Si NRs are multi-crystal (sheets) stacked ribbons resulting from anisotropic growth of Si. The interplanar spacing of Si NRs is also about 3.1Å, which is in a good agreement with the distance between adjacent (111) lattice planes in Si NSs (Fig. 1f) , suggesting that the NRs consist of smaller NSs through discernable interfaces. Furthermore, the growth direction of Si NRs has an angle (q, as labeled in Fig. 1f ) of about 20 to h111i
crystal orientation of NSs and can be preliminarily determined as h112i direction, 18 because the calculated angle between h111i and h112i direction is about 18 . Thin amorphous silicon oxide layers coated on all of the Si nanostructures are altered in thickness depending on the surface activity of fresh nanostructures formed in the passivation process, and this has inuence on some basic properties of Si nanopowder products. 19 It is interesting that these polymorphic nanostructures of silicon were controlled and induced by the preparation atmosphere, that is hydrogen and inert gases (Ar or He). The formation mechanism will be discussed in the following section.
AFM images of Si NSs and Si NRs are shown in Fig. 2a and c, respectively. The thickness of Si NSs was measured with a contact mode at intervals between the nanosheet and the substrate surface as shown in Fig. 2b , yielding an average value of 2.8 nm. The thickness of Si NRs was measured with a tapping mode from the distance between two red line segments (Fig. 2d) , which is about 3.1 nm, less than its width of 13 nm as detected by HRTEM. Si NSs and Si NRs in this work are basically similar to the silicon nanosheets synthesized using graphene oxide as template.
12 Nevertheless, the Si NRs actually consist of laterally assembled NSs along h112i crystal crystal orientation with an angle of about 20 to h111i direction of NSs.
XRD patterns of Si NPs, NSs, and NRs, as well as bulk silicon, are presented in Fig. 3 . The characteristic diffraction peaks are conrmed as the silicon in cubic system (JCPDS 05-0565). Two features are found in the XRD peaks: rst, all peaks of Si nanostructures are broader in comparison with those of bulk silicon, indicating that ne grains exist in the Si nanostructures; second, the strongest diffraction peak of (220) crystal face for bulk Si is changed to (111) in all Si nanostructures, representing anisotropic growth of grains in the Si nanostructures, particularly in the Si NRs sample as shown in the diffraction intensity ratios of (111) to (220) crystal faces. These ratios of I (111) /I (220) are 0.83, 1.56, 1.71, and 2.08 for bulk Si, Si NPs, Si NSs, and Si NRs, respectively. The formation of Si nanostructures is essentially a re-assembly of Si atoms under an atmosphere of hydrogen and inert gas. It is found that the nucleation and anisotropic growth of Si nanostructures are greatly inuenced by such active and inert atoms. The schematic formation mechanisms for Si NPs, NSs, and NRs are presented in Fig. 4 . The nucleation and growth of Si nanostructures have been inuenced greatly by the presence of hydrogen and inert ions. Si has a face-centered cubic structure with the surface atomic density varying at different facets:
Without restructuring, relaxation, nor chemical or physical adsorption of heteroatoms or molecules, the surface energy of various facets can be calculated using the following formula:
where N b is the number of broken bonds, i.e. N (100) ¼ 4,
3 is half of the bond strength; and r a is the surface atomic density. Therefore, the surface energies of Si monocrystalline are calculated as: This means that if the outside faces of a Si single crystal consist of (111) crystal faces, the energy of such a monocrystalline will be the lowest and most stable, in other words, the crystallographic direction of h111i is the direction of Si single crystal with the slowest growth rate. In a process of arc-discharge, the arc ame is made up of inner, intermediate, and outer zones. 21, 22 Nucleation of a Si cluster is completed in the inner zone under a high concentration of Si atoms, and then grows further within the intermediate and outer zones. [21] [22] [23] In a pure hydrogen atmosphere, H + ions can promote evaporation of Si atoms by the high energy hydrogen plasma and quick transfer from molten silicon to outside space, and they can also equally affect growth of Si seeds in all directions by a weak bond between Si and H, which results in isotropic growth of Si nanoparticles (NPs) as illustrated in Fig. 4a . 24, 25 Here, H + ions favor interaction with the high-energy faces of Si seed and slow the growth rate down, resulting in all growth rates of {111}, {100}, and {110} facets being nearly the same. For the atmosphere of mixed Ar and H 2 with total gas pressure of 0.03 MPa, the content of H 2 was reduced to 33%, resulting in reduction of its effect for isotropic growth. The anisotropic growth of Si crystallites had been forecast by the Periodic Bond Chain (PBC) theory, 20b,26 in which {100} faces (at surfaces, denoted as F-face) have one PBC running through, {110} stepped surfaces (S-faces) have two PBCs, and {111} kinked surfaces (K-face) have three PBCs. Both {110} and {111} faces have faster growth rate than {100} surface in a simple cubic crystal; 20 however, the higher surface energy of (110) face than that of (111) induces preferential growth of (111) face (anisotropic growth) to be nanosheets as illustrated in Fig. 4b because it has lighter atomic weight (4 mol g À1 ) than Ar + (40 mol g À1 ), consequently smaller seeds (or sheets) of Si can be produced by He gas. Moreover, the lower diffusion coefficient of He than that of Ar 30,31 can persevere with condensation on small-sized sheets and facilitate a secondary nucleation (coalescence growth), accordingly the stacked ne sheets are regularly formed into a ribbon-shape as illustrated in Fig. 1f and 4c . Such a coalescence growth develops (stacks) the small sheets along h112i direction with an angle (q) of about 20 to h111i direction as shown in Fig. 1f . Si NPs are a result of isotropic growth under the equivalent effect of H + ions in all directions (vapor growth mechanism); Si
NSs undergo anisotropic growth along h111i direction under the selective inuence of Ar + ions (vapor growth mechanism) with the top surface terminated on the (110) facet; Si NRs undergo anisotropic growth, with the inuence of He + ions resulting in ne sheets that stack up into ribbon shapes along h112i direction (the coalescence growth mechanism) with the top surface of (110) facet. It is signicant that the preparation atmosphere (hydrogen, inert gases) has a great inuence on the ultimate morphologies of Si nanostructures. These interpretations are consistent with the results of XRD and HRTEM measurements. Moreover, it is found that the existence of inert gas in the atmosphere can improve the product yield of Si nanopowders as shown in Table 1 . In this work, the total gas pressures were the same (0.03 MPa) for production of the three kinds of Si nanostructures, so the vapor pressure of Si atoms created can be considered the same and any inuence on production yield can be ignored. A noticeable effect comes from He gas. As mentioned above, He atoms have greater efficiency on condensation of nanoribbons through a coalescence growth mechanism in which a great deal of ne sheets of Si are consumed. In comparison with solitary vapor growth, the coalescence growth can be considered to be the dominant factor on the product yield through rapid consumption of Si atoms and ne sheets, with simultaneous acceleration of evaporation of bulk Si.
As shown in Fig. 5 , Raman spectra in the range of 100-1200 cm À1 wave numbers were measured for the Si nanostructures of NPs, NSs, NRs, and bulk Si. The features of vibrating modes, for example rst order optical phonon (TO, zone center transverse optical phonon), two transverse acoustic phonons (2TA) and two transverse optical phonons (2TO), are labeled in the gure. 32 Si NPs are monocrystalline with size up to a maximum of 50 nm, a periodic boundary condition (translation symmetry) in such bigger nanoparticles can be recognized similar to that of bulk Si and a comparable TO peak of Raman scattering occurred between Si NPs and bulks.
The size effect on Raman frequency becomes pronounced in Si NSs and NRs, with down-shis of 19 and 22 cm À1 wave numbers in comparison with bulk Si, respectively. As conrmed by AFM and HRTEM measurements, the limited size or thickness of Si NSs and NRs are 2.8 and 3.1 nm, with a breakdown of the periodic boundary condition occurring and inuencing the behavior of rst order optical phonon. It is thought that the length and angle of bonds in Si NSs and NRs vary with respect to bulk, an aberration of translational symmetry arises, and the correlation region becomes smaller as well as localization of the correlation function. For Raman scattering, when the correlation length is less than one-tenth of light wavelength, the 33 The down-shi of Raman wave numbers also can be considered to result from the phonon connement effect in two-dimensional nanoscale Si crystals. 12, 34, 35 The phonons in nanostructures are recognized to be localized in phonon potential wells. For a two-dimensional well, movement in the z direction of electrons with two-dimensional sub-band energy is frozen, meaning electron motion is in the plan. 32 The phonon scattering will not be limited to the center of the Brillouin zone, and phonon dispersion near the zone center must also be considered. The expanded FWHM of the TO peak for the Si NSs and NRs is also considered to be caused by the phonon connement effect. In Fig. 6 , XPS spectra are used to detect the surface composition and chemical environment on the Si NPs, NSs, and NRs. The feature of O 1s electrons at binding energy of 532.6 eV (Fig. 6d) indicates that slight oxidation (as exposed to air in the passivation process) occurred on the surfaces of Si nanostructures, 36 which is further conrmed by the binding energies of Si 2p electrons (as seen in Fig. 6a-c) . All Si nanostructures show the same peak of elemental Si (Si 0 ) (at 99.27, 99.37, and 99.6 eV), which is attributed to the Si cores of the NPs, NS,s and NRs. Nonetheless, the silicon oxides passivated on these samples are complex and quite different, that is 101.77 and 103.17 eV (for Si NPs); 103.0 and 103.48 eV (for Si NSs); and 102.9 and 103.4 eV (for Si NRs), implying that the three kinds of Si nanostructures had suffered from the different passivation because of their dissimilar surface activities. The complex silicon oxides are considered to be oxygen-doped oxides because their binding energies for O 1s electrons are lower than the 104 eV for pure SiO 2 . 37 In Fig. 6a -c, the intensity (using area of peak) ratios of SiO/Si are 1.3 (for Si NPs), 4.3 (for Si NSs), and 6.2 (for Si NRs), respectively. If these ratio data are normalized with respective specic surface areas, they are 0.0117 for Si NPs, 0.0395 for Si NSs, and 0.0378 for Si NSs, suggesting that NSs and NRs have a similar thickness of oxide layer on them, and that this is three times that of NPs. Such estimation of the thickness of oxide layers can be connected to the surface activities of Si nanostructures, and agrees with the results of TEM and AFM measurements. UV-visible (UV-vis) absorbance of Si NPs, NSs, and NRs were measured, as shown in Fig. 7a . The concentration of solution is quite low and only the Si nanostructures with smaller sizes could be suspended steadily in solution. It is anticipated that the UV-vis absorbance mainly originates from the Si cores and interfaces in nanostructures. As one may forecast, Si NPs display stronger absorption, particularly in the UV range, than Si NSs and NRs, because of its relatively larger size. Two peaks can be identied at about 380 and 300 nm for Si NPs, but both are faint (around 308 and 249 nm) for Si NSs and NRs. In the range of visible light, the absorptions for all Si samples become weak and comparable at the tails, implying inhomogeneous distribution of the sizes in all Si nanopowders. 38 The direct band gaps (E d ) were obtained by linear extrapolation to zero in the plots of (ahn) 2 versus photon energy (Fig. 7b) , these are 2.89, 2.92, and 3.02 eV for Si NPs, NSs, and NRs, respectively. This extrapolation method is controversial, but can be used to roughly appraise the band gap. These band gaps approximate to the free-standing Si NSs (2.8 eV, 3.0 nm in thickness), 13 Mg-doped Si NSs (2.9 eV, 0.37 nm in thickness), 16 and a little bigger than that covered with organic groups (2.3 eV, 7.5 nm in thickness).
14 From results reported above as well on Si quantum dots, it can be concluded that the band gap will be bigger than 2.5 eV if the size is smaller than 5 nm. With respect to bulk Si (1.1 eV in E i ), noticeable blue-shis of band gap are found for these Si nanostructures and have been reported in the literature, for example silicone nanowires [39] [40] [41] and quantum dots. [40] [41] [42] [43] Such an enhancement in band gap is also considered from the quantum connement effect, [41] [42] [43] or a compressive strain determined by surface tension in Si nanosheets which can induce an indirect-direct band gap transition. 13 The indirect band gaps (E i ) were obtained by linear extrapolation to zero in the plots of (ahn) 1/2 versus photon energy (Fig. 7c) , these are 1.99, 1.26, and 1.36 eV for Si NPs, NSs, and NRs, respectively. The oxide layer on these Si nanostructures may have a negligible effect on these calculated band gaps. It was reported that the oxygen-terminated layers on Si quantum dots usually exhibit a band gap shied to the red (about 1 eV) compared with those capped with hydrogen.
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Experimental
Synthesis of Si nanomaterials
In our early research, the DC arc-discharge plasma method was adopted to fabricated metal-based nanoparticles (such as Fe, Ni, Co, Cu, Mg, etc.), [45] [46] [47] carbon-coated nanocapsules, 48, 49 graphene, 50 and silicon nanosheets. 51 In this work, bulk silicon (raw material) served as an anode, while a tungsten rod was a cathode in the arc-discharge. Synthesis conditions for Si nanostructured samples are shown in Table 1 . The arc current Fig. 7 (a) UV-visible absorption spectra; the plots of (b) (ahn) 2 (n ¼ 1/2), and (c) (ahv) 1/2 (n ¼ 2) versus photon energy for Si NPs, NSs, and NRs at room-temperature, respectively. was set at 90 A and the voltage was maintained at about 20 V. The atmosphere was the key factor in control of the morphologies of Si nanomaterials. Pure hydrogen atmosphere favors formation of nanoparticles, whereas a mixture of H 2 and inert gas (Ar or He) promotes anisotropic growth of Si (nanosheets or nanoribbons). Aer the working chamber was cooled to roomtemperature, a trace of oxygen gas was deated into the chamber to form a thin layer of Si oxides on the nanopowders, which can protect from further oxidization. All Si nanopowder products were collected from the roof of the evaporation chamber in an air environment.
Characterization
The probe was adopted to analyze the surface species on Si nanopowders, and the spectra were calibrated to the C 1s emission arising from adventitious hydrocarbons (284.8 eV). UV-Visible (UV-vis) absorption spectra of the Si nanostructures were measured on a Lamda 950. For measurements, Si nanopowders were ultrasound-dispersed in deionized water to a concentration of 0.1 mg mL À1 . The absorption coefficient a and the optical band gap E g were determined by measured absorbance using the following equation: 
here, r is the density of Si (2.33 g cm À3 ); A is the absorbance of Si nanopowders; l is the path length of the solution sample, 1 cm; C is the concentration of Si nanopowders (in g L À1 ); and n is 1/2 for a direct transition and 2 for an indirect transition. The direct transition (E d ) and indirect transition (E i ) of the Si nanomaterials were determined by plotting (ahn) 2 (n ¼ 1/2) and (ahn) 1/2 (n ¼ 2) versus the photon energy, respectively.
Conclusions
In conclusion, a simple strategy has been developed to synthesize Si nanomaterials in morphologies of particle, sheet, and ribbon, via a DC arc-discharge method by optimizing the evaporation conditions. Si NPs are synthesized in simplex H 2 gas, Si NSs in a mixture of H 2 and Ar, and Si NRs in the atmosphere by replacing Ar with He gas. Pure H 2 favors isotropic growth of Si nanoparticles, whereas inert gases induce anisotropic growth of Si NSs and NRs. All Si nanostructures are coreshell type structures with Si core and SiO x -shell. 
